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Abstract—Previously reported staggered double vane (SDV) slow wave structure (SWS) traveling wave
tube (TWT) gave electron efficiency as low as 3.4% at 220 GHz, which needs to be improved. One easy
method to improve the electron efficiency and the output power is to reuse the spent electron beam
energy, by resynchronizing electron velocity to the phase velocity of the terahertz (THz) signal at the
second section of the TW'T. In this article, we have modified the pitch of the SWS to realize the tapered
phase velocity, which is for the first time, to our knowledge, applied to the SDV SWS at 220 GHz. By
varying the geometry configuration, an optimized structure of tapered pitch SWS has been successfully
developed. The results reported in this paper show a significant improvement of the output power, gain
and electron efficiency. At 220 GHz, the output power has increased by about 65% with respect to the
previous reported value reaching 111 W, and the electron efficiency has improved from 3.4% to 5.6%.
In order to simplify the microfabrication process, an input/output coupler with E-plane bending has
been designed, which can be fabricated by using only one mask UV-LIGA process.

1. INTRODUCTION

Wide-band high-power terahertz (THz) radiation sources developed by the vacuum electronics
technology are attractive for many applications, such as high-data-rate communication, imaging and
space applications [1-4]. Traveling-wave tube (TWT) is one of the most important THz wave vacuum
electronics devices due to its outstanding performance in bandwidth, power capacity (power per volume)
and high output power. As the core part, a slow-wave structure (SWS) critically determines the
performance of the TWT. In recent years, some studies have focused on staggered double vane (SDV)
SWS in the terahertz and millimeter wave TWTs and back wave oscillators (BWOs) [5-7], which has
a sheet electron beam tunnel. As well known, the sheet beam can theoretically provide a large current
with small space charge field owing to the beam horizontal extensibility, which enables the TWT to
generate high power for both millimeter and terahertz radiations [8,9].

The SDV SWS was first designed by Shin et al. with operating voltage of 20kV and current of
250mA. They achieved an output power of 150 W at 220 GHz, but the current density was as high
as 357 A/cm?, which is very difficult to be focused over a long distance of the tube. So, their sheet
beam transmission was only about 73.6% [10-12], while the electron efficiency was only about 3%.
Recently, Shi et al. improved the performance of the 220 GHz SDV TWT by introducing a newly
designed periodical cusped magnet (PCM) system [13]. With a current density of 200 A/cm?, a 100%
sheet beam transmission was achieved in a 75 mm length drift tube. The output power was 67.28 W
with the operating voltage of 25kV and beam current of 80 mA.
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The design reported in [13] shows a shortcoming as the electron beam energy is wasted in the
second portion of the TWT, where the high phase velocity of the THz signal is mismatched to the
slowed down velocity of the electron beam. To increase the efficiency and the output power of the
TWTs by reusing the spent electron beam energy, tapered phase velocity method can be employed [14].
Bo et al. demonstrated a large beam tunnel 220 GHz folded waveguide (FWG) TWT by tapered phase
velocity to promote output power by 30.4% from 79 W to 103 W [15]. However, as an important SWS,
the SDV SWS with the tapered pitch design for modulate the phase velocity has not been reported
so far. Another method, which has the potential for generating higher power at millimeter and sub-
millimeter wave band by enlarging the beam power, is the multi-beam technology [16, 17]. We will not
discuss this method in this article.

In this paper, we have investigated the design of high power TWT by developing tapered pitch
SWS. Comparing TWT with uniform pitch SWS operating at center frequency of 220 GHz, the output
power of the TWTs with one-step tapered pitch SWS and two-steps tapered pitch SWS were improved
by 45.7% and 65%, respectively. In order to fabricate the designed TWT with the features of micro
dimension, the key process of Micro-electromechanical Systems (MEMS) technology must be developed.
Different from traditional design, a novel configuration of the input/output coupler, e.g., an E-plane
bending input/output coupler has been designed to be compatible with UV-LIGA fabrication process.

This paper is organized in five parts. The modified SDV TWT with E-plane bending input/output
coupler for simple MEMS fabrication is described in Section 2. In Section 3, we give the optimization
results of the SDV TWT with E-plane bending and uniform pitch SWS. The tapered phase velocity
scheme is studied in detail in Section 4, including the detailed design process, the performance of the
TWT with tapered SWS and the improvement achieved. Finally, conclusions are drawn in Section 5.

2. DESIGN CHALLENGE AND SOLUTION

A typical SDV TWT is shown in Figure 1, which includes a SDV SWS with the 1st and the 2nd sections,
transition structure, attenuator, the ridge-loaded input/output coupler, and the beam tunnel [13]. The
purpose of placing an attenuator between the 1st and the 2nd section of SWS is to prevent the backward
wave oscillations. The transition structure and the ridge-loaded waveguide are used for mitigating the
reflections at the input and the output ports. It will help feed the THz signal into the SWS and lead
the enlarged signal out of the SWS gently.

In the THz band, the structure dimension goes down to micrometer level, which cannot be
fabricated by the traditional machining technology. Thereby, the MEMS technology is suitable to
fabricate such structure. However, as shown in Figure 1, this ridge-loaded waveguide is contained with
both high-transition ridge and 90° right-angle bending ridge, which cannot be realized with MEMS
technology of a simple process flow. Moreover, the input/output coupler and the SDV SWS in this
design have to be assembled together to make the whole structure. Therefore, it is very complicated to
fabricate this structure using the MEMS technology.

For overcoming the disadvantages in Figure 1, a modified TWT with E-plane bending input/output
coupler is proposed as shown in Figure 2, which is 90° bending of broader side of the waveguide. With
this modified design, the SDV SWS can be fabricated easily with only one mask and one electroplating
growth step in the z-direction, (see the inserted coordinate system). The optimized simulation results
for this SDV TWT will be discussed in the next section.

3. UNIFORM PITCH SDV TWT WITH E-PLANE BENDING INPUT/OUTPUT
COUPLER PERFORMANCE OPTIMIZATION

The design of the uniform pitch SDV TWT with FE-plane bending input/output coupler has been
optimized by numerical simulation. There are 45 pitches in the 1st section, 50 pitches in the 2nd section
and 5 pitches for loading the attenuator, which have been determined as the optimized design to obtain
the maximum output power. The performance, such as the dispersion characteristics of the SDV SWS,
phase velocity of the travelling wave, the voltage standing wave ratio (VSWR) of the input/output port,
and output power, have been investigated.
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Figure 3 shows the dispersion characteristics of the uniform pitch SDV TWT, which is obtained
numerically by high frequency structure simulator (HFSS) software. An optimized 24.93kV beam line
is intercepting the first harmonic of the fundamental mode, which indicates the operating mode for the
beam-wave interaction. It is clearly seen that in the frequency range of 200 GHz ~ 250 GHz, there is a
good synchronization between the beam-line and the dispersion curve.
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Figure 3. Dispersion characteristics of the uniform pitch SDV SWS.

By using HF'SS, we also got the phase velocity wversus frequency of travelling wave with respect to
different pitch lengths of the uniform pitch SDV SWS, which is shown in the Figure 4. It can be seen
that for the reduced pitch length from 0.540 mm to 0.533 mm, the phase velocity of the traveling wave
decreases a little. The normalized phase velocity at 220 GHz will be changed from 0.298 to 0.294. The
operating bandwidth defined by the flat form of the cure in Figure 4 changes slightly.

The voltage standing wave ratio (VSWR) of the input/output port is studied with Computer
Simulation Technology (CST) Microwave Studio software, as shown in Figure 5. The farther the VSWR
is from unity, the bigger the reflection will be. It can be observed that the VSWR is less than 2 in
the operating frequency band, especially less than 1.5 from 200 GHz to 230 GHz, which means this
input /output coupler has a low reflection that can ensure the suppression of self-excited oscillation.

Operating with the optimized beam voltage of 24.93 kV, beam current of 0.08 A and current density
of 200 A /em?, the output power of the uniform pitch SDV TWT operating at 220 GHz is simulated by
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Figure 6. Output signal of the uniform pitch  Figure 7. Phase space plot of the electrons in
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coupler.

CST particle in cell (PIC) studio program. From Figure 6 we find that for this optimized design, after
1.5ns interaction time, the output power is stable at 72 W, which gives an electron efficiency about
3.6% when input power is 50 mW. During the simulation study, we consider the copper surface with
idea smoothness and the copper conductivity being 5.8e7 S/m, which are similar to that in the previous
reported article [13].

Figure 7 illustrates the phase space plot of the electrons in the uniform pitch SDV TWT. As can be
seen, at the end of the uniform pitch SDV TW'T, the energy of the electron is decreased from 24930 eV to
22800 eV. However, due to the low electron efficiency, there will be a good potential to harvest electron
energy at 22800 eV level for further amplifying the wave energy. In the next section, tapered pitch SDV
SWS scheme is studied for reusing the spent electrons energy.

4. PHASE VELOCITY TAPER FOR IMPROVING OUTPUT POWER

For the uniform pitch SDV SWS, the phase velocity of the signal is synchronized with the electron beam
velocity in the 1st section (see Figure 2), and the beam-wave interaction will take place effectively. As
the electron beam gives the energy to the signal continuously, the velocity of the electron will decrease
incessantly. Finally, the synchronization condition willbe breakdown in the 2nd section. In order
to resynchronize the phase velocity with the used electron beam velocity, we have to modulate the
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Figure 8. (a) E-plane bending SDV TWT with tapered pitch SWS scheme, (b) schematic diagram of
the uniform pitch SWS (top) and tapered pitch SWS (bottom).
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Figure 9. Pitch profile of the tapered pitch SDV SWS.

phase velocity, which can be done by adjusting the pitch of the 2nd section of the SDV SWS. After
the resynchronization, the effective beam-wave interaction can continue for transferring more electron
energy to the wave. Figure 8(a) shows the modified E-plane bending SDV TWT combined with the
tapered pitch scheme. For a clear illustration, the schematic diagram of the uniform pitch SDV SWS
and tapered pitch SDV SWS are enlarged in the Figure 8(b).

Figure 9 illustrates the pitch profile of the tapered pitch SDV SWS. As afore-described in Figure 4,
the phase velocity of the traveling wave can be adjusted by changing the pitch length. Both one-step
and two-steps tapered pitch are designed in the 2nd section of the SDV SWS. For the one-step tapered
pitch design, the tapered pitch of 0.537 mm begins from the 20th period to the end of the 2nd section.
For the two-steps tapered pitch design, the first tapered pitch of 0.537 mm begins from the 20th period
to 39th period and the second tapered pitch of 0.533 mm begins from the 40th period to the end of the
2nd section of the SDV SWS.

Figure 10 depicts the electron energy wversus axial distance for the one-step and the two-steps
tapered pitch SDV TWTs operating at frequency 220 GHz, with the same beam parameters as the
uniform pitch SDV TWT. As the beam-wave interaction is proceeding in the 2nd section of the SDV
SWS with tapered pitch design, the energy of electron is decreased and transferred to the traveling
wave. Moreover, at the end of the SDV TW'T, energy of electrons is no more decreased, which means
saturation of beam-wave interaction has reached.

By comparing Figure 7 and Figure 10, we can see that the electrons energy of the TWT with
one-step tapered pitch SDV SWS can be decreased from 24930 eV to 22400 eV, while that with uniform
pitch SDV SWS can only be decreased from 24930 eV to 22800 eV. Furthermore, the decreased energy
of the electrons with two-steps tapered pitch SDV SWS is from 24930 eV to 22000 eV. Therefore, more
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Figure 10. Phase space plot of the electrons in the SDV TWTs: (a) with one-step tapered pitch SDV
SWS, (b) with two-steps tapered pitch SDV SWS.
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Figure 11. Output signal voltage of SDV TWTs: (a) with one-step tapered pitch SDV SWS and (b)
two-steps tapered pitch SDV SWS.

beam power will be delivered to the traveling wave for the SDV TWT with two-steps tapered pitch
design. The results show that with tapered pitch scheme, resynchronizing the phase velocity and the
electron velocity can be achieved in the 2nd section of the SDV SWS.

In Figure 11, we compare the output signal voltage of the SDV TWTs with one-step tapered pitch
SDV SWS and with two-steps tapered pitch SDV SWS. When the input power is 50 mW, the output
power of the SDV TWT with one-step tapered pitch design and two-steps tapered pitch design are
found equal to 98 W and 111 W respectively, corresponding gains are 32.9dB and 33.5 dB respectively.
Comparing with previous published results [13], at 220 GHz, the output power of the SDV TWT with
two-steps tapered pitch design has been increased by about 65%, and the electron efficiency has been
improved from 3.4% to 5.6%.

After detailed simulations by CST PIC Studio, the output power and its improvement of the two-
steps tapered pitch SDV TWT and referenced SDV TWT are shown in Figure 12. It can be observed
that the maximum output power of the two SDV TWTs is both at about 213 GHz instead of 220 GHz,
which is due to the fact that the interaction impedance increases as the operation frequency goes
down [13]. However, at both edges of operating frequency band, the synchronization condition will
be broken, the interaction efficiency thus decreases, which leads to diminished output power. We can
also see that at the center frequency of 220 GHz, the output power improvement is as high as 65%.
Moreover, the improvement is more than 50% in the whole operating frequency band.

For easy comparison, the performance of the above mentioned four types of SDV TWTs operating
at 220 GHz is described in Table 1.
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Figure 12. The output power versus the operation frequency for two-steps tapered pitch SDV TWTs
and referenced SDV TWT [13]. The improvement in percentage is also shown.

Table 1. Performance of the four types TWTs @220 GHz.

SDV TWT SDV TWT .SDV TWT .SDV LW
Taper . ; . with One-step with Two-steps
. . reported in with Uniform
information Reference [13] itch SWS tapered tapered
P pitch SWS pitch SWS
Beam voltage 25000 V 24930V 24930V 24930V
Beam current 80mA 80mA 80mA 80mA
Input power 50 mW 50 mW 50 mW 50 mW
Output power 67.28 W 2W 98 W 111 W
Gain 31.29dB 31.58 dB 32.92dB 33.46 dB
Average beam 3.4% 3.6% 1.9% 5.6%
efficiency
Output power
. Reference ™% 45.7% 65%
1mprovement

5. CONCLUSION

In this article, the output power of the SDV TWT with uniform pitch SWS and operating at 220 GHz
is improved from 67.28 W to 72 W, with optimized operating parameters.

For further increasing the output power and conversion efficiency, tapered phase velocity scheme
is successfully applied in the SDV TWT. Two TWTs, one with one-step tapered pitch SWS and the
other with two-steps tapered pitch SWS, are optimized. Output power can be enhanced to 111 W at
the central frequency of 220 GHz. An improvement of 65% is obtained for the two-steps tapered pitch
scheme. The conversion efficiency is increased to 5.6%. The results show that in the frequency range
from 202 GHz to 236 GHz, the improvement will be more than 50%. Moreover, the maximum output
power of the TWT with two-steps tapered pitch SWS is 122.5 W at 212 GHz, corresponding to a gain
of 33.9dB and conversion efficiency of 6.14%.

For simplifying the fabrication process, the TWT is modified with an F-plane bending input/output
coupler, which is more suitable for the MEMS fabrication technology. For future work, detailed
microfabrication and measurement of the best designed two-steps tapered pitch SDV TWT are under
consideration.
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